Nickel films were electrodeposited from modified Watts baths including glycine of 0.2 mol/l and ammonium sulfate of 0.2 mol/l. Nickel electrodeposits were examined using temperature-programmed desorption (TPD) and X-ray photoelectron spectroscopy (XPS). Higher peaks of m/z = 27 and 52 derived from cyanides were recognized in TPD contour maps of nickel electrodeposits. Furthermore, the XPS N1s spectrum implied that cyanides were present on nickel electrodeposits. Free cyanide ions and total cyanides were detected from glycine solutions using commercial test after electric current of 5 A/cm 2 was applied for five hours. To ascertain the electrode side at which cyanides were generated, a salt bridge was arranged between an anode chamber and a cathode chamber, consisting of glycine solution. Results show that cyanides were produced at the anode side after electric current was applied to electrodes in the chambers. These results suggest that cyanides were produced by oxidation of glycine at nickel or platinum anodes in Watts baths including glycine, which was induced by the application of electric currents. Moreover, cyanides remained on nickel electrodeposits after rinsing in water for 10 min as well as electrodeposition baths.
Introduction
Nickel films have been widely electrodeposited from a Watts bath, a sulfamate bath, a Wood's bath and baths based on them. In some cases, various additives to electrodeposition baths have improved the nickel electrodeposit film quality. Glycine has been added to electrodeposition baths as complex agents. [1] [2] [3] [4] [5] It has been reported the micro-hardness of cobalt coatings electrodeposited by a glycine-containing bath is higher than those coatings electrodeposited by a glycine-free bath. 6 Glycine-containing electrodeposition baths provide finer grains with fine micro-cracks for nickel electrodeposits. Moreover, they decrease the corrosion resistance of nickel electrodeposits. 5 Also ammonium sulfate has been served into electrodeposition baths as a buffer and a supporting electrolyte. 7 On the other hand, cyanides are reportedly detected from some compounds in which cyanides are not intentionally introduced. 8 For example, cyanides were generated from flexible polyurethane foam. 9 Furthermore, cyanides were formed by the reaction of amines and nitrite ions. 10 Organic compounds including nitrogen, aside from nitrogen compounds reportedly produce hydrogen cyanides at temperatures higher than 600°C. [11] [12] [13] Some researchers have been reported synthesis of cyanides from glycine by bacteria. [14] [15] [16] Furthermore, an enzyme that catalyzes the chemical reaction, forming cyanides from glycine, is known as a glycine dehydrogenase. 15, [17] [18] [19] Glycine has been widely used in electroless deposition and electrodeposition systems as described above. Cyanides have been also detected from electroless deposition and electrodeposition. Nonomura has reported that cyanides were detected from cyanide-free solutions such as an electroless nickel deposition baths. 20 Recently, high concentrations of cyanide of 1 g/dm 3 were confirmed in a zinc-nickel alloy bath that contained amine and hydrocarbon. 21 The report described that cyanide was synthesized by an anode reaction. These reports suggest that cyanides can be produced from compounds or solutions in which no cyanides are included at the initial stage. Furthermore, cyanide production in electrodeposition baths attracts attention from the perspective of handling toxic substances such as cyanides.
In this paper, nickel films electrodeposited from a Watts bath including glycine and ammonium sulfate were evaluated to investigate the presence of cyanides in nickel electrodeposits. Moreover the production of cyanides in a Watts bath was done including glycine after the application of electric current.
Experimental

Ni electrodeposition
Nickel films were electrodeposited on copper substrates. Copper substrates were cleaned using NaOH at 65°C for 10 min, and were activated by 10% H 2 SO 4 at room temperature for 1 min. Nickel films were electrodeposited from modified Watts baths including glycine and ammonium sulfate using nickel anodes and a conventional Watts bath. temperature-programmed desorption (TPD, EMD-WA1400; ESCO Ltd.) with temperature range of room temperature to 800°C at the heating rate of 10°C/min. Samples put on a SiC boat in a vacuum chamber of TPD were heated using infrared radiation through a quartz pole. TPD is suitable for detecting impurities or contaminants absorbed on films. 22, 23 Furthermore, chemical band states of nickel electrodeposits were investigated using X-ray photoelectron spectroscopy (XPS, AXIS ULTRA DLD; Kratos Analytical Ltd.) with AlKA radiation.
Examination of glycine solutions
Glycine was specifically examined among the compositions of electrodeposition baths because several authors have reported that glycine induced cyanide production. [24] [25] [26] [27] The cyanides concentrations in glycine solutions of 0.2 mol/l were examined after electric current of 5.0 A/dm 2 was applied using nickel, zinc or platinum anodes and platinum cathodes for five hours. Initial pH was adjusted to 8.5 using NaOH.
Free cyanide ion concentration in solutions was evaluated using 4-pyridinecarboxylic acid color comparison method (PACKTEST, WAK-CN; Kyoritsu Chemical-Check Lab. Corp.). In addition, total cyanide concentrations in solutions were measured using the picric acid method (WA-CNT; Kyoritsu Chemical-Check Lab. Corp.). 28, 29 The absorbance of products formed by the reaction of picric acid and cyanide was investigated using a spectrophotometer (SEC2000-UV/VIS; BAS Inc.) at 520 nm wavelength. The total cyanide concentration was ascertained using the calibration curve.
Furthermore, salt bridges were used for the determination of position (anode or cathode sides), at which cyanides were produced. Two glycine solutions of 0.2 mol/l in beakers were prepared at anode and cathode sides using a nickel anode and a platinum cathode. Glycine solutions in two beakers were connected with a salt bridge. The initial pH was adjusted to 8.5 by NaOH. After current of 5 or 10 A/dm 2 was applied through a salt bridge between electrodes in two glycine solutions for five hours, the free cyanide ion concentration in glycine solutions at anode and cathode sides was ascertained using the PACTEST, as described above.
Results and Discussion
Figures 1(a) and 1(b) respectively present contour maps of TPD from nickel electrodeposits using a conventional Watts bath and a modified Watts bath including glycine and ammonium sulfate. Higher intensity peaks in the TPD contour map from nickel electrodeposits using a modified Watts bath including glycine and ammonium sulfate were observed at m/z = 27, 38, and 52, compared to the TPD contour map from nickel electrodeposits using a conventional Watts bath. The desorption profiles of m/z = 27 are reportedly assigned to hydrogen cyanide. [30] [31] [32] Strong intensity of m/z = 27 also comes from hydrogen cyanide in this work. In addition, m/z = 52 is assigned to cyanogens, C 2 N 2 . Furthermore, m/x = 38 is brought about fragment of cyanogens. In contrast, no significant peak of m/z = 27, 38, or 52 was recognized on nickel electrodeposits using a conventional Watts bath [ Fig. 1(a) ]. In Fig. 1(b) , peaks of m/z = 2, 12, 24, 26, 28, and 44 are shown as likely to be derived mainly from organic compounds such as hydrocarbon or CO 2 33,34 on the surface of nickel electrodeposits. In addition, peaks of m/z = 28, 30 can be assigned to glycine. Furthermore, peaks of m/z = 16, 17, 18, and 28 are derived from H 2 O or NH 3 . 33, 34 The difference between the two contour maps is responsible for the electrodeposition bath composition. Results imply that glycine and ammonium sulfate included in a Watts bath provide peaks of m/z = 27, 38, and 52 which are derived from cyanides. Furthermore, the observation of those cyanides and contaminants means that they remained on the Electrochemistry, 84(6), 394-397 (2016) surface of nickel electrodeposits even after water rinsing of nickel electrodeposits for 10 min. The presence of cyanides on nickel electrodeposits from a modified Watts bath including glycine and ammonium sulfate was confirmed using XPS. Figure 2 shows XPS N1s spectra of nickel electrodeposits from a conventional Watts bath and a modified Watts bath including glycine and ammonium sulfate. A peak of around 400 eV observed on nickel electrodeposits from a conventional Watts bath is probably attributable to the organic matrix. 33 Furthermore, a peak of around 400 eV recognized on nickel electrodeposits using a modified Watts bath including glycine and ammonium sulfate might derive from glycine or NH 3 . Peaks of glycine (m/z = 28, 30) and NH 3 (m/z = 16, 17) were also observed in TPD contour maps [ Fig. 1(b) ]. In addition, a peak of around 397 eV was recognized on nickel electrodeposits using a modified Watts bath including glycine and ammonium sulfate. Reportedly, the peak of 397 eV has been assigned to hydrogen cyanide. 30 In this experiment, the peak of 397 eV can also come from hydrogen cyanide 30 or acetonitrile.
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However, no peak of acetonitrile (m/z = 41) was observed in the TPD contour map, as presented in Fig. 1(b) , which strongly suggests that the peak of 397 eV derived from hydrogen cyanide. Figure 3 depicts XPS N1s spectra of nickel electrodeposits from a Watts bath including glycine or ammonium sulfate. A peak of around 397 eV was observed for nickel electrodeposits from a Watts bath including glycine, although none was recognized for nickel electrodeposits from a Watts bath including ammonium sulfate, which indicates that a peak of around 397 eV is related to glycine in an electrodeposition solution, and thereby suggests that hydrogen cyanides presented in Fig. 2 derive from glycine in an electrodeposition bath. Figure 3 (a) presents the concentration of free cyanide ions detected by the PACKTEST in glycine solutions after electric current of 5 A/dm 2 was applied for five hours using nickel, platinum, and zinc anodes, and using platinum cathodes. Free cyanide ions of 0.2 mg/l were observed in glycine solutions with both nickel and platinum anodes after applying electric current. However, no concentration of free cyanide was observed on zinc anodes. Additionally, total cyanides of 1.0 mg/l were detected in glycine solutions with both nickel and platinum anodes after application of electric current using the picric method, as shown in Fig. 3(b) . These results demonstrate that cyanides were derived from glycine in electrodeposition baths composed of a modified Watts bath, glycine, and ammonium sulfate. Free cyanides were produced for use of both nickel and platinum anodes, although none were produced for the use of zinc anodes. Glycine was electrooxidized on nickel or platinum, which might be able to work as a catalyst, but not on zinc anodes. For zinc anodes, dissolution of zinc might occur predominantly instead of oxidation of glycine. Furthermore, the total cyanide concentration was greater than the cyanide ion concentration. One reason is the production of metal cyano complex in the electrolyte. A part of the total cyanide concentration was derived from the metal cyano complex. Metal was eluted from metal electrodes such as nickel anodes, leading to the formation of the metal cyano complex. Large production of the metal cyano complex increases the total cyanide concentration.
No significant difference of cyanide concentration was observed for platinum and nickel anodes. Although the reason remains unclear, a possible reason is the following. Cyanides ions and total cyanide production have a complicated relation between the influences of anode materials as a catalyst, anodic oxidation, the solubility of anode materials, and the generation of metal complex. As a consequence, almost identical cyanide concentration was detected for platinum and nickel anodes in the experiment.
Using a salt bridge, we investigated whether cyanides were produced at an anode side or a cathode side. Figure 3 (c) presents the concentration of free cyanide ions produced in glycine solutions at anode sides or cathode sides. Free cyanide ions of approximately 0.2 mg/l were observed at anode sides, although the amount of those at cathode sides were detected below the detection limit, which indicates that cyanides were synthesized by anode reaction.
Sonntag proposed that amines intermediary yield nitriles. With nucleophilic substitution with hydroxyl anions, they produce cyanide in zinc-nickel electrodeposition. 21 In this work, cyanides are produced by the oxidation of glycine at nickel or platinum anodes, which might be able to function as a catalyst. Glycine was electro-oxidized on platinum or nickel anodes. Moreover the oxidation of glycine yields nitriles, leading to production of cyanides by nucleophilic substitution as shown below. The imine, HN=CH-COOH and the nitrile, N¸CH-COOH are likely to be unstable. 14 Cyanide produced at the anode diffuses into electrodeposition baths. Thereby, free cyanide ion and total cyanide in electrodeposition baths are detectable using the PACKTEST and picric acid method. Cyanide ions are reportedly to be stable in pH higher than 12 in the electrolyte. 20 Consequently, some of cyanide Electrochemistry, 84(6), 394-397 (2016) ions might volatilize as hydrogen cyanides because pH of 8.5 is used in this study. Moreover, cyanides in electrodeposition baths were incorporated in nickel electrodeposits.
These results show that cyanides are can be produced in electrodeposition baths including glycine. Glycine-including baths have been used widely for electrodeposition. For that reason, handling them and forming cyanides justify our increased attention.
Conclusion
From nickel electrodeposits using a modified Watts bath including glycine and ammonium sulfate, cyanides were detected using TPD and XPS. Furthermore, cyanides came from glycine in electrodeposition baths. Cyanides were generated by the oxidation of glycine and nucleophilic substitution at anodes, and were cyanides were incorporated into nickel electrodeposits. Cyanides in electrodeposits were not removed by pure water rinsing during 10 min after electrodeposition. The handling of electrodeposition baths, including glycine, demands greater attention from researchers in this field.
